A new polyoxometalate(POM)-templated inorganic-organic hybrid compound, [Ag 6 (trz) 6 ]-[PMo 12 O 40 ] 2 · 6H 2 O (1) (trz = 1,2,4-triazole) has been prepared under hydrothermal conditions and characterized by single-crystal X-ray diffraction, elemental analyses, IR spectroscopy, thermogravimetric analysis and cyclic voltammetry. In compound 1, six Ag + ions are linked by six trz molecules to give a hexanuclear [Ag 6 (trz) 6 ] 6+ cycle. The six trz molecules are not co-planar, but adopt a crownlike shape. Cavities, with sizes of about 7.706 × 7.706Å 2 , are found with the hexanuclear cycles packed along the c axis. The Keggin anions, as templates, are inserted in the 3D supramolecular framework. The electrochemical and electrocatalytic behavior of 1 has been studied in detail. The results exhibit that the redox ability of the Keggin anions can be maintained in the hybrid solid which has good electrocatalytic activity toward the reduction of bromate, hydrogen peroxide and nitrite.
Introduction
In recent years, the research on new large porous materials, such as zeolites and zeolite-like compounds, has attracted considerable attention because these materials have many potential applications in catalysis, as molecular sieves, in gas separation and as ion exchangers [1 -3] . These compounds are typically synthesized under hydrothermal conditions by using organic molecules (such as amines) as templates. However, up to now, there are relatively few reports on the design and synthesis of new porous compounds by using large inorganic anions as templates, in combination with metal ions, organic molecules or metal-organic subunits as host moieties in the assembly process [4, 5] . Polyoxometalates (POMs), as a unique class of metal-oxide clusters, constitute an appealing branch of inorganic systems owing to their structural diversity as well as wide-ranging applications in topology, catalysis, medicine, magnetism, photochemistry, and electrochemistry [6 -10] . Therefore POMs are extensively utilized as large inorganic anionic templates to construct cationic polymeric hosts. For example, Keller's group used the spherical phosphotungstate ion as a non-coordinating anionic template for the construction of a novel, three-0932-0776 / 08 / 0500-0489 $ 06.00 c 2008 Verlag der Zeitschrift für Naturforschung, Tübingen · http://znaturforsch.com dimensional Cu(I) coordination polymer [11] . Liu's group has reported the cationic coordination framework {[Ni (4,4 - [14] .
In this work, we chose the Keggin anion as a template. Furthermore, we used Ag/trz as a metal-organic combination to construct a cationic framework. The Ag/trz system has several advantages: (i) The Ag + ion is a suitable choice to construct metal-organic frameworks due to its coordination diversity and flexibility [15 -18] . (ii) The 1,2,4-triazole group, given three N donors, is an integration of the coordination geometry of both imidazoles and pyrazoles providing more potential coordination sites [19 -22] 6 ] 6+ } n framework. The electrochemical and electrocatalytic behavior of 1 has been studied in detail.
Results and Discussion

Synthesis
The title compound was synthesized under hydrothermal conditions. Many factors, such as the nature of the initial reactants and their stoichiometry, the pH value and the crystallization temperature, may affect the crystal growth and the structure of the products in hydrothermal techniques. Parallel experiments verified that the pH value of the initial reaction system was the crucial factor for the synthesis of the title compound. At pH values higher than three, compound 1 was not obtained.
Description of the structure
A single-crystal X-ray structure analysis has revealed that compound 1 consists of two noncoordinated [PMo 12 (O a = oxygen coordinated with the P atom) bonds are in the range of 2.427(3) -2.436(3)Å. The P-O and Mo-O lengths are in the normal ranges [23] .
In a [Ag 6 (trz) 6 ] 6+ subunit, six Ag + ions are linked by six trz molecules to construct a hexanuclear [Ag 6 (trz) 6 ] 6+ metallacycle (Fig. 1a) . Each Ag + ion adopts a linear coordination geometry, coordinated by two N atoms from two trz molecules with Ag-N bonds of 2.128(5) and 2.132(5)Å, and an angle N-Ag-N of 173.9 (2) • . The trz ligand donates adjacent N1 and N2 atoms to build the cycle. The N3 atom is noncoordinated but it is an important hydrogen bonding source for the construction of the supramolecular framework. The six trz molecules are not located in a common plane, but form a crown-like shape (Fig. 1b) . However, the six Ag + ions are almost in one hexagonal plane with Ag-Ag distances of 3.853Å.
The hexanuclear macrocycles {[Ag 6 (trz) 6 ] 6+ } n are connected by the water molecules through hydrogen bonding (OW1···N3 = 2.727Å, OW1··· C1 = 3.170Å) to construct a supramolecular tetranuclear grid layer (Fig. 2) . The covalent grid [Ag 6 (trz) 6 ] 6+ is linked by four supramolecular grids with center-to-center distances of about 9.334Å. On the other hand, the tetranuclear supramolecular grid is also connected by four covalent grids. These layers are further linked through hydrogen bonding into a 3D supramolecular framework. Interestingly, cavities with a size of about 7.706 × 7.706Å 2 are formed by the packing of the units along the c axis. Because the diameter of the Keggin anion (about 10.4Å) is larger than that of the cavity, the anions can not be surrounded completely by the host metallacycle. Therefore, the anions are inserted into the interspace between adjacent [Ag 6 (trz) 6 ] 6+ cycles (Fig. 3a) . Two Keggin anions are linked by short interactions of O6···O8 (2.931Å) to form a supramolecular dimer. The dimer inserts into the vacancy between two adjacent cycles in an ABAB sequence (Fig. 3b) .
IR spectrum
The IR spectrum of compound 1 exhibits the characteristic bands of the α-Keggin structure at 939, 848, 
794, and 1051 cm
, and ν(P-O). The bands at 1135 -1731 cm −1 are characteristic of the trz molecules (Fig. 4) .
TG analysis
The TG curve of compound 1 is shown in Fig. 5 . It exhibits three steps of weight losses. The first weight loss (2.1 %) in the range of 25 -164 • C corresponds to the release of the non-coordinated water molecules (calcd. 2.25 %). The last two continuous weight losses (11.35 %) in the range of 205 -506 • C correspond to the loss of the trz molecules (calcd. 11.44 %).
Cyclovoltammetry Voltammetric behavior of 1-CPE in an aqueous electrolyte
Compound 1 as synthesized under hydrothermal conditions is insoluble in water and common organic solvents. Therefore, the carbon paste electrode (CPE) becomes the optimal choice to study its electrochemical properties. The CPE has some merits: (i) It is inexpensive, easy to prepare and to handle. (ii) It has long-term stability and allows for surface-renewal by simple mechanical polishing. Fig. 6 shows the cyclic voltammograms for 1-CPE in 1 M H 2 SO 4 aqueous solution at different scan rates. Three reversible redox peaks appear in the potential range from +800 to −100 mV. The half-wave potentials E 1/2 = (E pa + E pc )/2 are +376 (I-I ), +217 (II-II ) and −6 (III-III ) mV (scan rate: 60 mV · s −1 ), respectively. Three pairs of redox waves should be attributable to three consecutive two-electron processes of Mo(VI/V) couples, which are usually observed in other PMo 12 -modified systems [10, 24 -26] . The redox wave of the Ag + ion is not detected in the scan range from +800 and −100 mV. This phenomenon was also observed in similar PMo 12 [27] . The peak potentials change gradually following the scan rates from 40 to 300 mV · s −1 : the cathodic peak potentials shift in the negative direction and the corresponding anodic peak potentials in the positive direction with increasing scan rates. The redox ability of the parent α-Keggin anion is maintained in the hybrid solid of 1.
pH-Dependent electrochemical behavior of 1-CPE
The acidity of the supporting electrolyte has a remarkable effect on the electrochemical behavior of 1- CPE. Fig. 7 shows cyclic voltammograms for 1-CPE in H 2 SO 4 + Na 2 SO 4 solutions at various pH values. With increasing pH, the three peak potentials all shift gradually in the negative potential direction, and the peak currents decrease. Reduction of compound 1 in the CPE is accompanied by the evolution of protons from the solution to the wetted electroactive section of the electrode to maintain charge neutrality. Along with increasing pH, slower penetration of protons to the wetting section of the 1-CPE is probably the reason for the current decrease. The more negative reduction potentials can be elucidated by the Nernst equation. This effect was also observed in Mo 8 O 26 -and P 2 Mo 18 -modified CCEs [28, 29] and a (H 3/4 pbpy) 4 [PMo 12 O 40 ]-modified CPE [30] .
Electrocatalytic reduction of bromate, hydrogen peroxide and nitrite on 1-CPE
Many studies have shown that Keggin-type POMs can be used as effective electrocatalysts. For example, Zhu's group has reported PMo 12 -modified CCEs and a GeMo 12 -modified GOSE, which show high electrocatalytic activities toward the oxidation of ascorbic acid and the reduction of nitrite, bromate and hydrogen peroxide, respectively [31, 32] . Kulesza's group has reported hybrid inorganic-organic films, which are functionalized and exhibit electrocatalytic properties towards reduction of nitrite, bromate and hydrogen peroxide or oxygen [33] . In this work, we found that 1-CPE also has a good electrocatalytic activity for the reduction of bromate, hydrogen peroxide and nitrite. Fig. 8 shows cyclovoltammograms for the electrocatalytic reduction of bromate at a bare CPE and at 1-CPE in 1 M H 2 SO 4 aqueous solution. No obvious voltammetric response is observed at a bare CPE in 1 M H 2 SO 4 aqueous solution containing 12 mM bromate in the potential range from +800 to −100 mV. At the 1-CPE, with the addition of bromate, the second and the third reduction peak currents increase gradually while the corresponding oxidation peak currents gradually decrease. However, the first redox peak remains almost unchanged, which indicates that the four-and six-electron reduced species of the PMo 12 anions have electrocatalytic activity at 1-CPE for the reduction of bromate. Furthermore, it has been noted that the six-electron-reduction species has the highest catalytic activity toward the reduction of bromate. Fig. 9 shows a similar electrocatalytic behavior for the reduction of hydrogen peroxide. It indicates that the four-and six-electron reduced species of PMo 12 anions also show electrocatalytic activity at 1-CPE for the reduction of hydrogen peroxide. Fig. 10 shows the electrocatalytic reduction of nitrite by 1-CPE in 1 M H 2 SO 4 aqueous solution. The behavior is different from the reduction of bromate and hydrogen peroxide. All three reduction peak currents gradually increase while the corresponding oxidation peak currents decrease, suggesting that nitrite is reduced by two-, four-and six-electron reduced species of PMo 12 anions.
Conclusions
In this work, a new POM-templated inorganicorganic hybrid compound has been synthesized under hydrothermal conditions. In compound 1, six Ag + ions are linked by six trz molecules to give a hexanuclear [Ag 6 (trz) 6 ] 6+ macrocycle. The cavities, formed in the packing of these cycles along the c axis, are occupied by the Keggin anions. The anion dimers are inserted into the vacancies between adjacent metallacycles. A 3D supramolecular framework is built by hydrogen bonding. Given the variations in the polyoxometalate clusters and the diversity of the metalorganic moieties, the scope for further syntheses of POM-templated compounds appears to be great.
Experimental Section
Materials and methods
All reagents were of reagent grade and were used as received from commercial sources without further purification. Elemental analyses (C, H and N) were performed on a Perkin-Elmer 2400 CHN elemental analyzer. The IR spectrum was obtained on an Alpha Centaurt FT/IR spectrometer with a KBr pellet in the region 400 -4000 cm −1 . The thermogravimetric analysis (TGA) was carried out in N 2 on a Perkin-Elmer DTA 1700 differential thermal analyzer with a rate of 10.00 • C min −1 . Electrochemical measurements were performed with a CHI 660b electrochemical workstation. A conventional three-electrode system was used. The working electrode was a modified carbon paste electrode (CPE). An Ag/AgCl (3 M KCl) electrode was used as a reference electrode and a Pt wire as a counterelectrode. 3 (0.085 g, 0.5 mmol) and trz (0.021 g, 0.3 mmol) was dissolved and suspended in 10 mL of distilled water at r. t. After the pH value of the mixture was adjusted to about 2.6 with 1.0 M NaOH, the suspension was put into a Teflon-lined autoclave and kept under autogenous pressure at 160 • C for 4 days. After slow cooling to r. t., yellow block-shaped crystals were filtered and washed with distilled water (40 % yield based on Mo 
X-Ray crystallography
A yellow single crystal of 1 with dimensions 0.28 × 0.22 × 0.08 mm 3 was glued on a glass fiber. Data were collected on a CCD diffractometer with graphite-monochromated MoK α radiation (λ = 0.71073Å) at 273 K. The structure was refined by the full-matrix least-squares method on F 2 using the SHELX crystallographic software package [34] . Table 2 . Selected bond lengths (Å) and bond angles (deg) for compound 1 a .
Anisotropic thermal parameters were used to refine all nonhydrogen atoms. All the hydrogen atoms attached to carbon atoms were generated geometrically, while the hydrogen atoms attached to water molecules were not located. The crystal and structure refinement data for compound 1 are summarized in Table 1 . Selected bond lengths (Å) and angles (deg) are listed in Table 2 .
CCDC 670662 contains the supplementary crystallographic data for this paper. These data can be obtained free of charge from The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data request/cif.
Preparation of 1-CPE
The compound 1-modified CPE (1-CPE) was fabricated as follows: 75 mg of graphite powder and 6 mg of 1 were mixed and ground together using an agate mortar and pestle to achieve a uniform mixture, and then 0.1 mL of Nujol was added with stirring. The homogenized mixture was packed into a glass tube with a 1.5 mm inner diameter, and the tube surface was wiped with paper. The electrical contact was established with a copper rod through the back of the electrode.
